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Abstract

A development and analysis of a single controller,

" e

be fore and after the elimination of "spillover” terms, is
implemented to attempt to achieve desired response charac-
teristics of the structure under c¢valuation. Using this
derived data as a basis for comparison, a pair of decentral-
ized controllers are implementcd on the structure. The

characteristics of the structural response is dramatically

improved through the implementation of these decentralized
controllers. Problems encountered with the implementation

of more than two decentralized controllers are investigated.

The structure used in the controller evaluation is a
lumped mass tetrahedron. The four masses of this model are
connected through isotropic massless rods capable of support-
ing axial loading only (no bending). NASTRAN is used to
develop a normal mode approximation of the structure, while
providing mode shape and frequencies for the resultant
twelve mode model. Pointing accuracy of the apex is used in
determining figures of merit to evaluate the effectiveness
o” the control applied. Control is applied through each of

the 6 sensor/actuator pairs located on the model.

Controllers are developed using linear optimal tech- ;

niques which produce feedback gains proportional to the state.

The state is represented as modal amplitudes and velocities. '




g »

;mv'»?ﬂw ‘w PR

ot SRR U WL

' PENERRPNY

Tl

The feedback pains are cestablished via steady state optimal
repulator theory. The system response is evaluated initially
using cnly a single controller on an c¢ight mode truncated
model then on the entire twelve mode model. A comparison is
made with the system prior to the elimination of the observa-
tion spillover and after the transformation techniquce is
applied. For the study, four modes are desipnated as control-

led and four as suppressed. The rcmaining modeled modes are

designated residual. An additional controller is added with no
addition of sensors or actuators. While the response of the

single controller system is unable to meet the design criteria,
the addition of a decentralized controller more than adequately

achieves the desired response.

The modes designated as residual show very little
movement as a result of any of the control forces required or
transformations applied to the various systems. As a result
of the choice of the higher frequency, modes as residual is

verified.
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Introduct ion

With the success of the Space Shuttle Program, we have
entered an era where the construction of large space struc-
tures will become a reulity. To achieve practicality and use-
ful system efficiencies, the proposed sizes of these struc-
tures are hundreds of meters in diameter. As the size and
flexibility of these structures increase, the number of low
frequency structural modes that enter the bandwidth of system
controllers also increases. To accomplish control of such
vehicles, modeling becomes very critical. Even with improved
modeling techniques, there are still modeling inaccuracies
which, in the limit, could result in unstable conditions if

not properly compensated.

The method of control that is both realizable and
viable is modern state space control theory. Using this
method, however, die to computational requirements, only a
limited number of structural modes can be handled by any
single controller. Hence, reduced order controllers are
required. The coupling of these reduced order controllers
with detailed finite element analysis of the particular
structure can be successfully adapted to meet the require-

ments of several missions and varied flexible structures.

The limiting factor, as to how many of the finite

numter of modeled modes may be successfully controlled, is




the capabilities ot the on-board compurer Ao ore ol o
these limitations, only these modes which are decmed derri-
mental to mission requirements arce controltled A Gpecitic
example would be a photographic catellinte where pointine

accuracy is considered critical while minor wertical vibra-
tions may be considered incon.ucquential; as o result | only

those modes affecting pointing dccuracy would be controlled.

While specific control of thesce isolated modes would

be ideal, it must be realized that in the real situation, the
sensor data will be contaminated by the uncontrolled modes

and these same uncontrolled modes may be aflfected by required
inputs to the desired modes. These coupling affects are refer-

red to by Balas (Ref 1) as "observation spillover" and "con-
trol spillover'. It is shown that either of these svstem
coupling effects may lecad tou overall system instability. The
method of control proposed by Balas is based on the use of

narrow bandpass filters which effectively comb out the

suppressed modes, thus eliminating observation spillover.

Another technique which was first presented by Sesak
(Ref 2) and later expanded on by Coradetti (Ref 3) involves ;
a "'singular perturbation' technique. It is concluded that
this approach, with infinite penalty on spillover, is essen-
tially the same as finding transformation matrix. By apply- |

ing this transformation matrix to the associated pain

matricies, either controller or observer, the spillover terms

)




would be driven to zero. This method can be ¢ffective in
removin;, destabilizing cross coupling terms cven if these
terms do not result in overall system instability; thus

improving system response. These goals arce accomplished
through the application of state space control techniques
coupled with singular value decomposition of rectangular

matrices of modal amplitude (Ref 4).

The primary thrust of this investigation is to study
the application of the above techniques on the implementation
of two or more decentralized controllers on a lumped mass
model of a tetrahedron. The primary means of evaluating the
effectiveness of the system will be an eigenvalue analysis
of the closed loop svstem and a time response of the pointing
angles to irnitial conditions. This work first investigates
all of the results of Janiszewski (Ref 5) and then expands
from the single controller model utilizing only eight modes
to the multiple controller system using a twelve mode model
representation. The elimination of any spillover terms will
be accomplished through the implementation of the transforma-

tion technicue mentioned earlier.

The specifics of the system model used in this investi-
gation will be fully explained in the following section. The

model is configured with sensor actuator pairs. The sensors

are position sensors only and are used to determine the modal

- —_—Ty
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? amplitudes at a point. A singular value decomposition is

performed on the matrices of modal amplitudesto obtain a

e T SR

transformation matrix which is employed to eliminate spill-
over terms. With the addition of a second controller, the
improvement of response in the structure is dramatic.

Finally, the possibility of implementing more than two decen-

tralized controllers is examined.
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System Model

The model used for this investigation is the tetra-
hedral model developed at the Charles Stark Draper Laboratory,
Inc. This model was arrived at due to the fact that it
not only displayed many of the characteristic responses
observed in large space structures. It also provided a low
order model upon which various control sysctems could be easily
applied so evaluation is simple as a result of the small num-
ber of modes present. The performance criteria of the model
is based on the motion of the structure at node 1. This is
analogous to a line of sight evaluation of a typical optical

system.

The finite element model of the structure is displayed
in Figure 1. The structure is pin connected =2t each of the
nodes; as a result, it is only capable of transmitting axial
forces. A Youngs modulus value of one was used to simplify
the stiffness computation. The beams are considered massless
with all mass located at nodes 1 through 4. The measured

location of each node is listed in Table I.

An eigenvalue analysis of tre structure was accomplished
on the NASTRAN Computer Program. The key results of the
analysis are listed in Table II. T1ie associated eigenvetors

are listed in Appendix A. Table II] is a listing of the

initial conditions that were applied to the model to achieve
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a time history of the response. For tac purpose of this
investigation, it is assumed that rhese values are applied to
achieve a desired pointing requirement. As a result, all of
these values could be inputs to the controller prior to actu-
ation, thus achieving initial conditions on all of the error
terms of zero. The development of these error terms will be
covered in the following derivations of the equations of

motion.
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Table 1
Node Coordinates
Mode X Y 7
1 0.0 0.0 10.165

2 -5.0 -2.887 2.0
3 .0 ~2.887 2.0
4 .0 5.7735 2.0
1 5 -6.0 -1.1547 0.0
) -4.0 -4.6188 0.0
7 4.0 -4.6188 0.0
8 .0 -1.1547 0.0
9 .0 5.7735 0.0
10 -2.0 5.7735 0.0

Table TII

3 Result s of NASTRAN Analysis

y Genera%%zed Gengrqlized Wn(gég L(Bﬁg 2

ode Mas s Stiffness SEC SEC
1 1.0 1.37 1.171 1.37
2 1.0 2.15 1.467 2.15
3 1.0 8.79 2.965 8.79
4 1.0 12.6 3.558 12.6
5 1.0 14.8 3.848 14.8
6 1.0 26.5 5.149 26.5
7 1.0 32.2 5.676 32.2

' 8 1.0 32.6 5.711 32.6

5 9 1.0 79.9 8.940 79.9
10 1.0 106 10.030 106

3 11 1.0 119 10.923 119
12 1.0 195 13.966 195




2 Table 111
Initial Conditions
Mode Displacement ( 7) Velocity ( 7)
1 -.001 -.003
2 .006 .010
3 .001 L0730
4 -.009 -.020
5 .008 .02n
6 -.001 -.020
7 -.002 -.003
8 .002 .004
9 .000 .000
10 .000 .000
11 ' .N00 .000
12 .0No .000
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Equations of Motion

The equations of motion for the vibrational motion
of a large space structure can be written as:

M g + E g + K g = Du (1)

where g is an n-vector of generalized coordinates, M is an
n X n summetric mass matrix, K is an n x n symmetric stiffness
matrix, u is an m-vector of inputs, D is an n X m matrix of

modal amplituder evaluated actuator locations, and E is an

n x n dumping matrix.

Rewriting equation (1) in a modal coordinates
"+2£w.+2 T
7 7w Q=9 Du (2)

where

a=_QQ (3)

and QT is the transpose of the n x n model matrix for equation

! (1). The model matrix @ is such that

i"ng - [1]

Q_T K@g = [mg] - ’e

Q? EQ = [25 wl g
;

where all matrices which are displayed are n x n diagonal.

To be more explicit,[IJ is the identity matrix,[yq is a matrix i

10




of the cigenvalues of cquation (1) und[?'ﬁﬁ]is the associated

damping matrix.

By placing equation (2) into state vector format, we

arrive at equation (4):
x = Ax+Bu (4)

where

In the practical case, the complete state vector is
not available and quation (4) must be supplemented by an out-
put equation. If we assume both position and velcoity infor-

mation is available, the general output equation becomes:

Y = Cp g + Cv g (5)
- in state vector from
Y = Cx (6)

where

¢ = 00,9

Equations (4) and (6) are tte model of the satellite avail-

able to the control designer.

11




Reduced Order Model

The state vector x from above is a 2n-vector that
represents the entire structural model. This state vector

can be broken into a number of more specific portions in the

form
"SI I S S S T .
Sc s r ' Tum )
i:——éZ n, - vector, Controlled modes
X — n, - vector, Suppressed modes
s
X r—>2 n_ - vector, Residual modes
X =2 n - vector, Unmodeled modes
um um
The unmodeled modes are mentioned here, but will not
appear in any of the derivations. These are modes which are

beyond the capability of the mathematical system model to
approximate. The unmodeled modes, while they may exist in
nature, have not been taken into the modeling effort of the
system. The response of the actual system will determine if

a more indepth rwodel is required to mathematically approximate

the real world system. The controlled modes are those modes 3

determined to require active control to achieve desired system

response characteristics. 1In general, these will not neces- .

sarily be the lowest frequency modes.

Due to computational limitations in control of the

t
vehicle, only a small subset of the modeled modes may be con- ‘

12 }




trolled; as a result, spillover due to the remaining modes

will occur. To e¢liminate the dilatorions cffects of this

spillover, a portion of the modeled but uncontrolled mode

w.1l1l be suppressed. The number of which can be suppresed is
asain dependent on hardware limitations. The remaining
modeled modes will be termed residual modes. These residual

modes will have "spillover'" terms and can be considercd
representative of those higher frequency modes that are

unmodeled.

With these definitions, the system state may be

represented by the following equations

ic = A EC + B U (8)
;s = A ;s + B u (9)
>'<r = A Zr + BT (10)
Y = C, ;C + C, is FoCLox, (11)

The system parameters matrices A, B, and C are as

previously described in the text. Furthermore, the matrices

B can be expressed as: B = ——g——
¢ c 2 D
C —
where:
T
@C D = i (51) ......... il (g ng

' |

' '

an({,\ ............ a . (r, n_)

—— e .

e ——— —n



where ii is the location of the jth dctuator and n is the
number of actuators and n, is the number of controlled modes.
In this representation, the coefficient matrix, D, has alrecady
been multiplied through. Those values for the structure
studied are the NASTRAN results in Appendix AL Similar repre-
sentations of QTD can be developed for both the suppressed
and residual modes with the only differcnce occurring as n

and n_, the number of suppressed and residual modes, respec=

tively are used in place of n,

In a similar manner, if we assume only point sensors

located at the points &i then

C = C
c P 2
where
CPCO = |a (g]) ........... a . ( l)
aq (’nsen) ........ a . (5nqen)

where D en is the number »f sensors emploved.

The equations developed to this point are quite
general and independent of structural complexity. With
increased complexity, rhe sizes of the respective matrices

are the only variable: thit will increase in dimension.

The general nature of the development is the key to

14
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its wide area of possible application 1o a varicty of larye

space structures.

Modal Control

The control modal upon which

be based is given by

the control desipgn is to

X = A x + B U (8)
C C c C
Y = C x + C X +c¢c X (11)
c ‘¢ s s r “r
Three feedback controllers are cvxamined. The form of
control for cach controller is:

.- o X (12
U1 = G XC § )
_ A )
u, = G1 X1 + G2 XZ (13)
i R+, % +6. % (14
Uy = Gy X + Gy %) + Gy Xy )

where gl’ 22, and QB are the specifi
controller. Ideally the control law
case, where not all of the states ar
values of the states must be used.

system matrices will be developed se

ing discussion.

Single Controller

Since we are unable to direc

¢ modes controlled by each
would be G X but in this

¢ available, the estimated
The individual closed loop

quentially in the follow-

tly measure the entire




state vector, 1t iy necessary to e loy
form:
0 A
G U G T A L N
< & ¢
N A
Y = o X
¢ e
where
A
Xc estimated state vector
A
Y. estimated output vector

The obscerver pain matrix is chosgen

in the state cstimate, represented by

is asymptotically srable.

The closcd loop svstem stability,

and observer, can be evaluated by writin

for an augmented statc vector defined be

controller Z will be defined as follows:

T T

With the definition the overall

gt he

low.

closed

such

that

including contro?l

matrix can be represented in block matrix form as:

A+ B G B G 0
C C C
0 A, - KC_ KC
TGy = B, G B,G A
B G B_G 0

16

0

KC
r

Z2(t)

the error

(17)

4

N
Le

state eaations

For the single

(18)

loop svstem

(19)
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Ao this point it is of interest to look at the develop-
ment of the observer pain matrix, K oand the control fecdback

gain matrix, G. First consider the control vain matriz G,

In order to use lincar optimal regulator theory, a

performance index is defined as:

o e T = T .
J = 1/2 X + u" R u) dr 20
/)CQXC ) (20)
where
Q - is an n x n positive semidefinite weighting
matrix.
R - is an m x m positive definite weighting
matrix.

This performance index, subject to
X = A X +B U
C ¢ ¢ c

is minimized with

0 = GX

¢ = -R°'B T3 (21)
sa +A'S-s5B RUBX+q=0 (22)

The ‘levelopment of the observer matrix can be formu-

17
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formulated in an identical development once it is realized

that the cigenvalues of the matrix, (Ac - KCC), are cqual to

the eigenvalues of the transpose of the matrix. The system
can be then written as:

T T

W (l) = AC W (t) - C a2 (t)
T
g (t) = K° W (t)
Using this system and defining a similar performance

index as listed in equation (20) with the substitution of W

for XC leads to the solution for the gains Kr in the form.

-1 - -
ob Cc P

RT = +R

where P is the solution to the steady state algebraic matrix

Ricatti Equation:

T T -1 _
PA +A P -PC_ R," C P+Q, =0

While the system of equations is not block triangular,

it can be made block triangular through the elimination of

control spillover or observation spillover. Once we have

achieved suppression of the appropriate terms, the stability
of the system is assured through the proper design of the con-

troller and observer. For the purpose of this research,

elimination of observation spillover has been dcemed more

practical and cost efficient. Additional sensors to achieve

the desired observation spillover is much easier to implement

13
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than increcsing the number of actaators to achicwe gpill-

over suppression.
Dual Controller

The following development of o two controller system
parallels that of the single controller. The control law to
be applied is as stated in equation (13%). In this system
rather than defining a specific number of modes as suppres-
sed, the goal is to achicve two decentralized controllers

which will be independent of each othecr.

The two state equations are:

|

Xl = A, X, + B

-

(23)

—
C

<

X, = A, X, + B

) (24)

Recalling the general observer equation (15) and equa-

tion (16) where the control law applied is equation (13).

A - 4 = - A A

X; = A, X, + B U+ K (y - V) i=1, 2
" . = ¢, X i=1,2
3 i i i
} — A A

3] = G1 X1 + G2 X2

b i

The error in each system is described as

& - % -K i=1,2 (25)




described b,

S
e, = Xl - X. = (A1

i}

~ A _
e z X, - X

1 p - X 7 Ay

The associated X
the system equation (23)
ing equation is:

Xy = (A + B G Xy

A similar application of

By applying cquations (11), (23)  (24) . (25%) . and the estimator

equat_ons which are listed above, i4 can be shown that ¢. is
L

- K1 Cl)e1 + K1C2X2 + chrxr (26)

- K2 C2)c2 + K2C1X] + KZCrXr (27)

equation may be simply derived using
y ! (=)

and the control law (13). The result-

+ B1 G1

(28)

the control law and the residual model

equation (10) provides the following results:

B G, e, +B_G (29)

r 1 71 r "2 72 r 2

>
+
=
(]
o]
N

=T —-T T
Xyt ey, X, (30)

"

The closed loop system model including the two decentralized

controllers, each utilizing state variable feedback, can be

written as:

29




rA1+ 4 Gy B, Gy N b, G, 01 (31
0 (A -KyCp) K,C, 0 K,C.

7 = By G ByG,  (A,* ByG,) B, G, 0 7.(t)
K, C, 0 0 (Ay-K,Cp)  K,C_
L B_G, B_G, B_G, B_ G, Ay |

It is apparent that the suppression of all the '"obser-
vation :pillover" or the'control spillover" terms is insuf-
ficient to completely triangularize the system even in the
absence of residual modes. To achieve a closed loop system
with the above characteristics, it is necessary to suppress
the control spillover term of one system, e.g., By Gy, while
suppressing the observation spillover of the other system,

Ky G, The judicious selection of modes again is critical so

as to provide a frequency separation between the lower frequency

controller and the residual modes.

The primary advantage of two controllers is the number
of modes controlled can be divided between the two systems.
This is important since the compurational burden of solving
the Ricatti Equation increcases rouvghly as the cube of the

orcer of the equation (Ref 3). Therefore, the advantages of

solving the Ricatti Equation of tw» s¢masller controllers is

apparent.

21




Three Controllers

To avoid a repetition of all of the c¢quations developed
in the previous section, it can be stated that the control law
of equation (14) was applied to arrive at the closed leop sys-

tem model of this section. The Z vector is defined as:

T
T T T - T s T - T T
] [— TR AT R SUNE P ] (32)

This results in an overall closed loop system cquation:

A, +B, Gy B,G, B,G, By Gy B,G, B,G, 0
0 Aq-K Cy K¢, U K G4 0 KT

B,G, B,G, Ay+B,G, B,U, B,G, B,G, 0
_ K,Cy 0 0 Ay=F oG, K,Coq 0 K,C
B,G; B4G, B.,G, B,C, A4B4G,  ByGy 0
K,Cy 0 0 C 0 A 45-K3C, KLCo
LBrGl B_G, B_G, B .G, B G, B .G, AL

As discussed earlier, the system presented here cannot
be triangularized throu:h complete elimination of observation
spillover or control spillover. There arc two approaches that
can be utilized in the —xamination of the three controller
system. First, throngl the judicious positioning of sensors,

the modal amplitude matrix and thus the system parameter

22
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matrices, B and C. of on controller can be made orthoponal to

the remaining two controllers. To completely decouple the sys-

s -

tem, the terms which must be eliminated are listed in Table
IV. By arranging the modes such that two of the controllers
operate on modes such that two of the controllers operate on
modes that are orthogonal to the third controller, the system j
would reduce to a two controller system. The system model
used in this study has been determined to contain such proper-
ties. This will be specifically demonstrated in the investi-
gation portion of the text. At this point suffice it to say
that the twelve modes modeled can be divided into two ortho-

gonal groupings.

48 an example, let controllers one and two operate on
the first group of orthogonal modes while controller two
operates on a portion of the second grouping. As a result,
all cross terms between one or two and three will be equal to

zero. This will reduce Table 1V to

]
(@]

G = 0 B
or

C = 0 K2C1 = 0 ]

G

whict are the terms required equal to zero to decouple the ;
two controller system, therefore demonstrating the ability

to reduce the syi;tem to a two controller problem. The second
method of system suppression would require an optimization }
process included in the transformatior formation such that

23
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Table 1v

Total Decouple of 3 Controller

2"1
= 0 K, 0y
= 0 B,Gy

OR
= 0 K4Cy
= 0 B,G,
= 0 K4C,
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such terms as B,Gy and B$Gl ovr approximately zero. While the
possibility of obtaining a transformation matrix orthoponal to
both matrices is highly unlikely, an optimazation process can
be applied to reduce the value of these spillover terms to
insignificant values relative to the system dynamics. This
second nethod would require more on-board computational capa-
bilities which may result in excecding the designed capacity
of the system. As a result, this method would be far more

costly to implement thus making the first method the only

viable approach. Since it has been demonstrated that the

system cin always be reduced to a two controller problem
through sroper sensor and actuator location, only the investi-
gation of the single and dual controllers will be carried out

in this research.

25
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Transformation Techniquc

This section is designed to describe in further J
detail those methods applied to the model to achicve the
block triangular form. This will require the elimination of
the cross coupling terms such as KIC] and 5,6, in the two
controller system. The entire thrust of this method is to
drive these terms to zero while keeping the torms Blcl,
BZGZ’ and chl’ K2C2 not equal to zero. This is first done

for the single controller case. The technique is then applied

to the two controller problem by eliminating the control
spillover of one controller while operating on the obsecrva-

tion spillover of the second controller.

For the single controller system, the elimination of

observation spillover is achieved if a K matrix can be found

such that
K ¢ = 0 (34)
s
K Cr = 0 (35)
while
4
K C = 0 (36) ‘
c

f
The final equation is constraint that must be met in !

order to maintain obscrvability over the controlled modes. i

While it would be optimal to achieve both equation

(34) and equation (35) in the system model, in the actual

i
structure this would not be fully realizable. This is primarily i

26




due to the large number of modes thot are Shosicalls present
in the structural model. As a reoult, onlvy o suboct of the
modeled modes will be suppressed.  Thun | only cquution 724,

will be satisfied.

The selection of those mode:r to he designated as
suppressed or as residual is somewhit arbitrarvy and could be
established through an iterative prccess. Those modes you
are most interested in suppressing cre thosce modes which,
even though stable, are weakly damped and thus may be driven
unstable as a result of the observation spillover. The
selection of those modes as residual would be¢ best designated
as those modes which are actually shifted further to the left
of the jw-axis as a result of the obtse¢rvation spillover, thus
stabilizing these modes. Another chtoice, the one used in this
investigation, is to suppress all uncontrolled modes below a
certain frequency. The primary assumption here is that the
higher frequency modes fall outside of the bandwidth of the

controller.

However the selection of the suppressed modes is

accomplished, the system to be examined is:
C K = 0 (37)

This is nothing rore than the transpose of equation (34),

however, this fory .f cquation is more useful as will become

apparent .

.
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To achieve this desired result, the ¥ mutriz of cqua-
tion ( 7) must be transformed such that i+ is orthogonal to

T . . T C .
the o s of LS (columns of CS). The C. matrix is sized cuch
that it has the number of columns that corresponds to the num-
ber »f sensors (n'cn) and a non zero row lenpgth of the number
50 '

of s 1p; ressed modes (ns). Looking at the equation of the

transformation required
c.'t =0 (38)

The nunber of linearly independent algebraic solutions, t,
are spiecified as the difference between the rank of CST and
Deen The number of sujpressed modes is cqual to or greater
than tl.e number of sensors, no solution vector t can be found
unless the rows of CST are not linearly independent. As a
result of this relation, in general, the number of modes that

can e suppressed can not exceed the number of sensors avail-

able. In terms of output we will define v by:

v = Ty

(39)
Where " is matrix whose rows are composed of the solution
vectors t. Substituting for the value of y:
v = TC, X, + 7T C, X, +TC, X,

howeve -

TC = 0

s
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As o a result of the oaepat o L docs ot contala the L -
pressed modes.  The new control problem to be considered can

be stated as:

X = A X +18 U (h2)
c c T
v = TC X +TC X = ¥ +C% X (42h)
¢ e r r ¢ e r r
The output v is no longer a rcector of dimension N en
o
oL . LT .
but has dimension (nge -~ Rank of C ",. The suppression may,
A R
therefore, be thought of as replacin: a system of N, .y S€nsors
with n___-r) synthetic sensors.

sen

As long as the system of cquaitions (42) are observable
and controllable, the stabl¢ matrice . AC+ BCG and AC-K Cz
can be formed and placed in the over:ll system matrix of cqua-
tion (19) in which the obscrvation snillover will have be2n

removed. If the suppressed modes for this system are properly

chosen, the entire system will remain stable.

With that general overview of the purpose an ro~ule.
of the technique, the specifics of obtaining the matrix T will
be developed. The matrix of interest in this technique &
observation suppression is CS. This matrix can be wriften in
the form:

C = WV (43)
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where -
Voils an on ©on
e n Sen
orthoponal matri« of lein

singular vectors.

Viis an n_ @ n_ orthoyonal

b o

matvrix of right sinpular
vecetors.

and

S 10 \

= [.._.--‘;_._.. (,/4/‘)
D 0

such that S i, a r x r matrix of the non-zero sinpular valucs

of C. end r is the rank of C_ as previous!v stated.  Further-

more, the matrix W can be partitioncd such that:

—_ . =
W = wr.wq (45)

The partition Wr is an n ®x r matrix of left singu-

sen

lar vectors associated with the non-zero sinpular values of

Cs and Wq is an Ngen ¥ 4 matrix of left singular vectors

associated with the zero singular values.

s

. . . T
Since W is an orthogonal matrix, the product of W,
1
}
and ’.Jr is zero which leads to
K
T
WTC =WTW SV = 0
q s q r r
As a result, it is obvious that the T matrix sought
is composed of the left singular vectors associated with the
30
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zero singular valucs of C_ . This trancformation is applicd to

the system as specified in equations (42). l
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Computer Hodel

The primary goals in the formulation of the propram
wer: flexioility and simplicity.  The propram is capable of
making sceveral diverse runs depending on the desired output
or the parricular arca of intcrest being, cxamined.  The pro-
gra.n generates output data for a singlce controller or a dual
control!ler model. In either of these types of runs, the

inclusion of the residual modes is optional.

The repetitive nature of the formation of the para-
meter matrices (A, B, C,); in the control, suppressed. and
residual form; led to these being structured in a subroutine.
Thi: format also added the flexibility to change the size of
the matrices to meet specific requirements of various investi-
gations. The formation of the initial condition vector is
also accomplished in a subroutinc¢. There is a cevarate sub-
routine for the different initial condition vectors required

for the single or dual controller model.

For program initialization certain data is required
from either permanent files or parametcr assipgnments. Required
data from the user is the number of controlled, suppressed,
and residual modes followed by the number of actuators and
sensors. Finally, the damping ratio for each of the modes,
assumed equal, must be designated; 0.005 for the system
studied. The syst:m will then read from permanent file the

NAS RAN values of tne wmodal amplitude at eich actuator location
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The same data is then entered for cach ol the sensor
locations. For the model considered  these values are identi-
cal since the sensors and actuators a-e colocated, however,
it was considered necessary to make scoparate entires to
accommodate those possible situations where the sensors and
actuators are not colocated. Finally, the associated frequency
for each of the modes is read in from permanent file.  For
time response calculation the initial conditions for the sys-
tem and the mode shapes of the point of interest msut also be

made available.

With the preload of this data, the modal arrangement
as controlled, suppressed or residual is at the option of the
operator. The various modes may be moved in any manner desired
by the operator without the requirement for the preload of
any additional modal information. Once a particular selection
is made, the program will form the specified matrices and
the associated initial condition vector. With the system now
completely structured, the steady state feedback matrices are
formed (G and K). This is accomplished through the execution
of a series of sophisticated subroutines created by Kleinman
Ref 6), which provide a numerical solution to the matrix
Ricatti Equation. With these matrices formed, an overall
system matrix as depicted in either equation (19) or equation
(31) is formed dependent on whether a single or dual control-

ler run has been indicated.

]

'
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At this point one can execute the option to create
a time history of the linc of sight at point 1 in the = and
v directions. This type of svstem resvonse was used since
the pointing accuracy of the vehicle was a criteria for deter-
mining the success of the system controller(s). The line of
sight was calculated with the use of the zero input c¢quation

for the state equation:

= _ . (46)

X = Ax+ Bu

Y = CX (47)
The zero input equation is

X (kdt) = €M x  (k-1)de (+8)

To minimize any problems that might arise as a result

of rapid system osciallations not perceived by the discrete

Adt matrix is determined

model, a DT = .01 was utilized. The e
through the Taylor series expansion of the term in the fol-

lowing equation:

At L1 4 oace + a%ae? + added 4+ . (49)

2! 31

The value of the displacement at position 1, in the
x and y direction, ‘s calculated each .5 second up to 20
seconds using the m>de shapes, previously loaded, and the
computed value of ¥ (t). This displacement is calculated

through the summat.on formula:
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Where m is the number of modes in model. For n

1, the equa-

tion computes the line of sight displacement in the Z dircction

and n = 2 represents the Y direction displacement.

At this point, the eigenvalues of the matrices (A+BG),
(A-KC) and the overall system matrix are computed.  This
analysis was accomplished by implementing the subroitine EIGRF
from the International Mathematical and Statistical Librar:y
(IMSL). The eigenvalues of the closed loop swstem matrix,
since they reflect the overall syctems stabilitv, determining
success of the system suppression. Comparison of taiesc cigen-
values with the eigenvalues of (A+BG) and (A-KC) demonstrate

which modes were most affected.

The suppression of the system varies whether one or
two controllers are implemented by the operator. With a
single controller, the observation spillover is e¢liminated by
accomplishing a singular value decomposition of the CST
matrix. This is achieved through the exccution of the IMSL
subroutine LSVDF. Then by using the associated singular vec-
tors, a transformation matrix is gencrated. The overall sys-
tem is then recreated using the transformation technique as

is described in section IV. Once the new gain matrix is

created, the program loops back and initiates another time
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response and eipenvalue analyois,

In the casce of the twe controller svstem of cquation
(31), it is apparent that the climination of obscrvation
spillover is insufficient to completely decouple the system

in the absence of the residual modec. In this case one must

eliminate control spillover of one system while eliminating
the observation spillover of the othter system. The elimina-
tion of system one observation spillover was implemented to
take advantage of that part of the computer model already
structured. The control spillover are implemented in the
overall system and a time response calculation followed by an

eigenvalue analysis is then accomplished.

Since there exists the possib’lity that modes other

than suppressed modes are adverscly atfected, a series of

calculations are required to insure ttat controlled modes are
not aligned with any of suppressed nodes. A further check to
insure that controlled modes are a @ inear combination of the
suppressed modes is accomplished at the end of the run. When

one of these cases are encountered, a regrouping of the modes

a4

is required to avoid the detrimental affects of the suppres-

: sion on the overall system response.

While the model used in this study is very specific
in its definition, the subroutine structure of the program
provides the flexibility to analyze a variety of other sys-

tem through the simple restructuriny, of the subroutines that
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form the A, B, and C matrices to comply with the new system to
be anal.zc.d. The only requiremert is that the system can be

written in the format:

and

<
1]
@]
x|

i a4
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A building block method of rescarch was deened the
best approach to make a thorough study of the complete system.
As earlier explained, it was determinced that duce to huardware
and cost considerations, observation gpillover e¢limination
would be employed when at all possible. Initially, the basic
system was researched using only controlled and ippressed
modes. This was done to confirm the fact that the svstem could

be block triangularizcd through the c¢limination of obscerva-

tion spillover. The cipgenvalue analvsis that resulted is
displayed in Table V. This analysis wia acconnlished on the
first eight modes of the NASTRALstructural analvsis. The con-

trol weighting matrix was cqual te 7 - 70 [”

At this point, the four residaal modes were added to
complete the implemen ation of the twolve mode model.  The
system was analyzed to determine the ffecet »f the four addi-
tional modes on the rousponse charact.--igtics of the svstem.

The eigenvalue analysis of this syste 1o listed in Table VI

with the assnciated time responsc 11 cd in Table Vi

The value of O was left at to- value of 20 {ll for
the remainder of the investigation oo that all results could
1

be associated with cither the number »f controllers dnple-

mented or the variou groupings of tte moden




. Tablc

wwaste s Eigenvalne Analvsis - Sinele Controlier

Modal Acsirnments,

Controlled Suppressed Pesidnal
1,249 3,6,7.3 done

Overall System Eicenvalues

Betore Transformation After Transformation
- 0070+ 573519 - 02897 1+ 5. 765%7
-1995 4+ 5.75026 -.02855 4+ 5.71073%
-.02574 4+ 5.14935 -.02574 4 5.14935
-.16602 +  3.55616 S1.04342 4 342286
-1.12459 4+ 3.27924 -.34269  + 1.16273
-. 5796 + 1.25179 -.01482 4 2 .96457
-. 5138 + 0.77807 -.50461 4+ 1.43353
-1.73795 +  3.76850 -.13144 + 1.46583
-1.28709 +  1.54688 -.18344 +  1.16990
L -.03486 +  3.00503 -1.02693 + 3.42569
| -.28446 +  1.58838 -1.24619 + 3.66533
-.71752 4+ 1.00300 -1.26459 + 3.66181
é
f
i
|
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Table va

Time Response - Single Controller

Modal Assienments

Controlled Suppressed Pesidund
1_2,4,5 3,6,7,8 "NONC
Before Transformation After Transormation
Time Los-X lLos-Y Time Lon-7 Los-Y
.5 .003y50 L001608 . LOUS Y Lu0l611
1.C . 003446 .000060 1.0 LYV L0U0LE
1.5 L0012 54 - . 00004 1, RPN - LILGEY
2.0 . 000368 -.000536 .0 N T -, L0101
2.5 .000425 L000233 z.4 RIVUSWE - UL T
3.0 -.000500 L0004 0K 5.0 LU - ULL0FC
3.5 -, 0011738 LOU0L 3y 5.5 Lol g Ay
4,0 -. 000528 .000641 LG NI Ry
Lb,s .00053Yy .00G 541 4.5 ERVIVENTS LUG06737
5.0 .000327 000247 U . G656 L B0L6CE
5.5 -. 000408 -. 000874 5.l G -.00ue 57
6.0 -. 000202 -.000€622 Y e - uuLzey
6.5 L0U0 LG -.000322 6.4 C oLl NI oSl
7.0 L000uE2 000094 YA S e sl LOUI06E
7.5 -.000412 -.000172 7.y C et -, Uzl
8.0 -. 00042y .000081 ) O e e -, L0UReS
8.5 .000177 .000614 6.y RTINS LUzl
9.0 .0007367 L0CUM4B S 9.0 RN L0022
9.5 -.000394 .000052 4.5 RTINS TS LG 0L
10.0 - .000L6Y -.000474 12.0 NIVIVER Y -. 000354
10.5 .N00z 06 LOUGOUT 10.5 LGUOLE L0008
11.0 .000673 -.000Ll2 11.0 AV L0172 i
11.5 .00000Y -.00010Y il.5 I ) L0001z
12.0 -. 000402 -.000L47L 12.¢ LU -.000335 ;
12.5 .G00077 L0001 57 12.5 LUl - 0uDl 57 :
13.0 L0C037Y L000732Y 13.0 UL e .000252 :
13.5 -. 000034 LO0ULRZ 13.5 VIO .000123 :
14.0 -.000583 -.00011Y 14.0 VIV T -.0C0111 1
14,5 -.000083 -. 000046 14,96 VIV TEN® .000287 J
15.0 .0001376 L000317 15.0 LG0O0L o .000270 i
19.5 .000226 -.000117% 15,5 L0OC Ty L0042 :
16.0 -.000358 -, 00015¢E 1€.0 LGoUIBG -.000C32 ¥
1h.5 -.000096 -.0007332 16.¢ L0016 -, 003320 11
17.0 .0007362 L00029y 17.0 LU001L7 LOUD111 ;
17.5 .000217 LO0D00H 17.5 L000LO Y, L00023¢& j
15.0 -.000737%3 -, 000026 16.0 L000usT -.00038 4
14.5 -.0007322 -.0L0L 56 18.5% L0000 YL -.000226 g
ly.0 . 000267 L 000251 19.0 . 000004 -.0006U76 :
19.5 .000224 L0009y 1y.5 U004 .000326 !
20.0 -.000162 —.000LES 20.0 LOCULZe Y -.00001 %

4G
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Based on the aftect of the modes on the motion of the
structnre, it was decemed most beneficial to control modes

2, 4, b while suppressing modes 3, 6, 7, 8. Finally, the
residual modes were 9, 10, 11, 12. The choice of the residual
modes was based on the fact that because of freqency scepara-

tion, these modes would be unaffected by the control that was

applied to lower frequency modes. This premise is born out

in the analvsis of the eigenvalues prescented in Table YI.

This shows 2 damping ratio for the residual modes of approxi-
mately 005 or greater, since 0.005 was uscd as the open loop
damping ratio, the controller has increased the damping of
each of the residual modes even through thcey werce not included

in the optimal control formulation.
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Svstem Yicenvalue Analysic - sinelce Controller

Modal Acsisnment .

Controlled Suppressed Residnal
1,2 4.5 S 07 08 9 10.11.12

Overall System Eigenvilues

-.056,3 + 10.34269 -.05548 +
- 07015 + 13.96805 -.07001 +
-.06235 + 10.04103 - 009072+
-.03573  + 8.95523 -.05%60 +
-.00077 + 5.73585 -.02837 +
-.81824 + 3.67870 -.02%55  +
1.25313 + 3.02515 -.82055 +
-.56844  + LT4670 -1.21939 +
-.15517 + 1.25423 -.37831 +
-.02030 + 5.700736 -.17427 4+
-.02574 + 5.14935 -.02574 +
1.08395 + 3.%9998 -1.06686 +
1.429)35 + 3.33404 -1.42363  +
-.03425 + 3.004735 -.04182 +
-.75428 + .89816 -.51201 +
-.26070 + 1.59460 -.13381 +
4?2

In.
13.
10

)

5.

L i e VSR WS S U

_ = N W W W

aiiacaiadiisme el g

After Transformation

34651
96521

.94117
.94695

67583

710753
.h5895
.N4764
.096%1
.20133
. 14935
.89134
.37.893
.96457
.40017
47589




Table Vla

Time Response - Single Controller

Modal Assipnments

Ceatrolled Suppresscd Pesidual
U.2.4.,5 3.6,7.8 9,10,11,12
3o rore Transformation After Transformation
Time Los-« Los-Y T Los ¥ Loc-Y
L0007 L Louloed . IV RAVIIDR TE
1.0 L0034 LuLouY L 1o VAV {0 LOULOLS
1.4 Lo0114 g ~-. 0001t 1. obugle - ULl
2.0 L0L03 5 -.0u06L3 2.0 SLO0uL TR
2.5 QU Y7 .000107 <00 ~ W CUDYH0 -, Lo U578
3.0 -.000382 .0003¢H 5.0 BT S LUZE s
3.5 ~.00090 .0001873 Sl - U010y S LULET
4.0 ~.0002849 .0007£0 4.0 -, 000361 LLOGHE -
) .0C0717 .000620 4. LOS07LU LOLLLEL
5.0 .000350 .000267 5.0 LLOUET7 T et
5.5  -.000u441 - .GU08 Y3 gLt - 000N L ULE
6.0 -.0C073238 . 0G06ET 50 S 00CkE - Lty
6.5 .ocoh21 ~.000363 . RANILY SR ITCION RV
7.0 .000420 000080 7.0 LLL0H73 NVISIOV A
7.5 -.0C037y -.000146 7. a2 gy BRI I N
8.C -.060356 L0001 I - 00L3LE - Lissen
8.5 .0G0zzs L0006273 5l LG0T g LLOue
4,0 .000kC3 LD00LYO 4.0 U065 5 L0 e
Y.5 -.0003y6 .000069 9.l LOLDOG Coulle
10.0  -.000526 -. 000505 10.0 SLLUUSEe m L D
1C.5 L0001 50 .G000LY LG, ¢ -, 00017, LLD UL
11.0 . 000613 ~.000064%7 11.¢ .GGO37 4 Lo 150
11.5 .0000738 -, 000087 11.¢ .00017 Lululet
12.0 -.000392 -.000u62 2.0 ~.000«07 ~uutleol
12.5 . 000092 .000170 L2t ~.00011 % - oLLLa?
13.0 . 000404 .000345 13.¢ L000654 UL 307
13.5  -.00004Yy .000171 2.5 .000366 L0001 3z
14.0 -, 000622 -.000150 14,0 -.00040b < 00 by
4.5 -. 060094 -.000057 14,4 -, 000381 < 006336
15.0 .000383 .000315 5.0 .00022 % .00L22%
15.5 .000236 -.00010% 15.5 .000365 LOCi113
16.0 -.000347 -.00017Y 16.0 -, 00016¢ -, 0002
16.5 -.000082 -.000318 16.5 -. 00041y -, 000268
1?7.0 .000396 L0027 17.0 .00Culys LO0C137
17.5 . 000208 . 000004 17.5 000415 ,00(255
18.0 -.000341 -.00002Y 18.0 .00C008 -. 000026
18,5  -.000333 -.000162 18.5 -.000%L7 -.000232
16.0 . 0002 54 000246 1.0 -.000G 136 -.0061?8
19.5 . 000246 .000202 19.5 .00C 38y .00C31l0
20.0 -.00013» ~-.00015% 20.0 .00C140 -.00C017
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Values are shown betore and ifter Sppression

The next lopical step was to cxamine the svystem per-

formance with the dual controller svstem of couation (731)

was implemented. Again, this research was done with ) - 20
[I]. The svstem was divided such that controller one handled
modes 1, 2, 4, und 5, as determined necessary to achicve
acceptable pointing accuracies; controller two was Initiallw
specificed as modes 3, 6, 7, and 8. The two controller model
wdas run agains the eight mode truncated model ro confirm the
effectiveness of the method of suppression emploved. These

results can be seen in Table VII.

With these results the alditional residual mode (9,
10, 11, 12) were included in the model to check for anv
adverse effects due to these modes as was encountercd in the
earlicr investiyation of the single controller. In this
case, the overall system retained the achicved stability as ;
is seen in Table VITI. The desirable results that were
achieved in this arrangement were that the system achieved

the desired accuracics in the x and y dircctions within

approximately 10 seconds. The associated time response
printout to cach of the above runs are presented in Tables !

IVathrough VIIIa !

To obtain « -uore indepth understandaice of the motal

characteristics of the structure, a thorough studv of the

/b % l




Table UL
Cestoens Ebocenvadlae Analyaio - Ty Cong e LY e
Modal s ienniont
Controller gl Controller =2 e oslduand
1.2.4 9 360705 T
Overall Svavem Figenvaiac,

Before Transfornat ion Atter Transformat ion
-1.bb818  + 562003 LI DY R A A
-.59552 + 0.64991 SLLLTOAT S ARGy

-.16098 + 1.24035 -1.07376 4 5570738
-1.36745 +  5.20773 1570+ 5050617
-1.63542 + 5.6674] -1.61266 +  4.90YA”4

-.96051 + 13.62500 -1 61259 4+ 4.90942
-1.31648 + 5.26339 -.34269  + 1.16723
-1.16440 + 3.20916 - 50461+ 1.4737353
-1.61266 +  4.90964 - 13144+ 14”548
-1.61259 + 4.90962 -.18344  +  1.16990
-.80770 + 0.74588 10473452 +

-.30549 + 1.54735 -.83319  +

-1.21882 + 3.83849 -.94909 4+

-1.35638 + 3.48462 -1.26459 +

-.90125 + 2.71050 124619 4

-.92979 + 2.99683 -1.02693  +




Tahle VIla
Time Resyonse - Two Controllers
Modal Asaieonment
Controller #1 Controller 4. Residual
1.2 4.5 36 7.8 lonce
Eg’f(»ral Transformation ATter Transformation
Time lLos-X .o, =Y TIime Los-X Los-Y
.5 00364, 001225 o5 L03740 L0014ee
1.0 L003y2y L000133 1.0 LCO3LGZ .G001 0w
1.5 . J0«81 3 -.000257 1.5 L0Lle?1 -.w00839
2.0 .ol -.CCLUSs 2.0 S LOLE Gy - ULy
205 TNy LCOLLy <.y - LULB50 -, 00L701
4.0 L 00207 LOULHLL Y, -Luul Y78 -.00020H
3.9 NN R1e LOuCH22 305 - U007 .CLULEE
4.0 - 000219 LOLLHOY 4.0 - 0003 LL00597
“.5 - w6 LULL387 Wl Ll L00Cu16
5.0 - L0wue? -, 000002 G0 L0021 L0008
4.5 S L I0EE -.00C3LE b UGOZY0 -, 000004 \
G.U Lobulll - 000477 L.l LLL0LUE -. 00007y
t.5 conlll -.00T 4473 Ll LGOULSE -.ouee7
7.0 C 06T -.0u256 vl -.0000ew - 0L02730
7.5 NIV - LUl 00 7. - LUUGOL BRI RS
5.0 - 0LULUT7Y L00L202 " - L0UGC2 -.20008%
2.5 SRV V) LOUL307 el - UL0UED coutl 32
RN -.o0uley .uouzny 5.0 Rvistotorten LULLULL
7.5 - 00uLhy .00C16Yy P SIVI TR LU0Lln
lu.0 - . 0000 LuuCul3 VIS VI oL T - el 0ey
14,5 LOUL0LL -.00012¢0 1o, ¢ - u0Uosl L0000YyZ
Lo LU0LUYU - LUCLBY 11,0 RSN -, 00007
11.5 L0OLLU0 -.GOC 180 1i.y - 000017 -.00soul
12.0 .000072 -.00 110 12.0 LGCOUL -.0000Ly
1z.5 L00V0ZZ -.00L0LS 2.9 . 000020 -.0000482
13.0 -.0G00030 .00L070 15.0 -. 000015 .N0G031
, 13.5 -.00U064 .00C116 13.9 LG00038 -.000056
1 14.0 -.000070 L00C11s 14,0 - V0004 .0000RL
14.5 -.00004Y L00C 074 14,¢ L0004 -, 005066 i
; 15.0 -.0000Lk .00L0ls5 14.0 -. 250051 .00008E 1
15.5 .0000z2 -.00OLOMO 5. ¢ LLUO0TS -.000064 §
1 16.0 .000044 -.C0L07% 16.6 - 20003k LCLCCsSe I
16.5 .000047 -. 000076 16,7 Loluvze -.00004¢C :
17.0 000032 -.000052 17.0 - 0000006 .G0J01LC |
17.5 . 000008 -.09001 3 17.5 SENISIVIVION! .0000C3 i
18,0 -.000014 .000023 18.¢C .0000ly  -.000031 f
18.5 -.000028 .00G0W7 15,7 -, 000020 .Q00045 j
19.0 -.000030 L0050 1y.u L0G00 3k -.cooc%u |
19.5  -.000021 .000036 Uy.%  -.000CHC 000088 p
20.0 -. 000006 L0001 Z0.0 .000038  -.000066 :
]
e l
§




Table JI1T1

Sestem Misenvalue Analvsis - Two Controller

sodal Assignment

Controller {1 Controller #2 Regidual
1,2,4.5 3.6,7.8 9,16,11,12
Overall System Eigenvalues
Sefore Transtformation After Transformation
07015 4+ 13.96806 i .N7002  + 13.96821 1
05713+ 1034372 1 05548 + 10.34651 1
.06320 + 10.94403 i .06051 + 10.94284 1
.05679 + 8.99021 i .05581 + 8.94227 i
1.66583 +  5.672161 i .02837 + 5.67583 1
1.36779 + 5.20554 1 1.57647 + 5.4K629 1
1.61102 + 5.66711 i 1.55483 + 5.60263 1
.82780 + 3.70680 i 1.03008 + 5.52416 i
.16560 + 1.24134 1 .82055 + 3.65895 1
.61372 + .61002 i 1.61266 + 4.90964 1
1.33748 + 5.23741 i 1.61259 +  4.90962 i
1.61266 +  4.90964 1 17427+ 1.20133 1
1.61259 +  4.90962 i .37831  + 1.09691 1
1.27879 + 2.99798 i 1.21939 + 3.04764 1
1.09500 + 3.92760 1 1.06961 + 3.89587 1
.89774 + .43082 i .13284 + 1.47589 1
- .27864  + L.55548 i .51475 + 1.39833 1
1.45666 + 3.31914 i 1.42381 + 3.34208 i
.74323  + 3.07171 i .70898 + 3.01768 1
1.03055 +  2.52592 i 1.06814 + 2.63964 1
E
E




'A"_"qf)lc VITL g

Time Responsce - Two Controllers
Modial Asvignment
Controller #l Controller ¥2 Pesidual
1,2,4,5 3.6,7.8 410,11, 12
Before Transformation After Transformation
Time Los-X Los-Y Tos<Z2 77 Los-Y
.5 .003545 .001220 0037739 001455
1.0 .0013851 .000089 .003411 .00009n
1.5 .002752 -.000341 .nn1z2132 -.00N8E5
2.0 .001874 -.000067 -.000251 -.001027
2.5 .001189 .00nz223 -.0ON0KR24 - . 000845
3.0 .000535 .000543 -.0010732 -.0003135
3.5 .000276 .000807 -.000595 000016
4.0 .000291 .000823 -.000161 .000583
4.5 .000281 .000542 .600310 .000451
5.0 000228 .000129 .000235 .NN0491
5.5 .000181 -.000245 .100189 .0N0043
6.0 .0001138 -.000452 -.000065 -.N000S6
6.5 .000092 -.000439 -.000115 -.000257
7.0 .000049 -.000252 -.000120 -.000212
7.5 .000005 .0000073 -.000045 -.000085
8.0 -.000044 .000220 .00010% -.000054
8.5 -.000087 .000322 .000N084H .000150
9.0 -.00011n .00N290 .r0n1sg - .N00001
9.5 -.000099 .000160 -.000029 .N00138
10.0 -.000050 -.000002 -.000009 -. 000094
10.5 .00N019 -.000132 -.000145 .0HNO033
11.0 000075 -.000193 -.000057 -.N00101
11.5 000093 -.000176 -.000054 .000017
12.0 .0NN08 3 -.000101 .000035 .0ON0010
12 .5 .000036 -.000005 .NN00s1 .000025
13.0 -.000023 .000074 .000045 .000081
R 13.5 ~-.N0006S .000115 .00NN68 -.000041
{ 14 .0 -.000076 .000110 -.000055% .000060
14 .5 -.000056 .000069 -.000002 -.000113
15.0 -.0000109 .000010 -.000098 .000038
15.5 .000023 -.000041 .0009009 -.000093
16.0 .000049 -.000071 -.000027 .D000SS
16.5 .000Ns51 -.000073 .000054 -.000015
F 17.0 000034 -.000050 .0000733 .000045
] 17.5 .000008 -.000013 .000024 .000031
} 18.0 -.000117 .000023 .000017 -.000020
| 18.5 - 000032 000046 - 000050 1000037
: 19.0 -.000032 .000050 .000001 -.000078
' 18.5 -.000020 .000036 -. 000064 .000048
20.0 -.000004 .000011 .000033 -.000077

o ————— .

,,-—
——— e




mode shapes was accoaplished.  These are displazed in
Appendix A. 'sing the definition of the dot prodict of two
vectors:
A -8 = 1A |ﬁ| Cos @
AB

The angles between tne modal amplitude veetors were deter-
mined. This was done to determine if any of the modes lied
on lines of action such that they could either be simply
separated or arranged to minimize control cfforts required
by associating similarly aligned modes. As a result of
this investigation, it became evident that the modal ampli-
tude vectors subdivided into two orthogonal vectors (Table

9).

With these orthogonal groupings, the system was run

with controller one operating on modes 1, 4, 6, and 7;

1

while controller number two drove modes 2, 3, 5, and 8. This
grouping provided the best overall system response. The
eigenvalues of this system is depicted in Table X while the

associated time response is listed in Table Xa.

The unique quality of this system is that it is in-
herently decoupled, in that the associated fcedback gain
matrices of one system (K and G) are orthogonal to the other
system parameter matrices (B and C). This results in the
fact the off diagonal coupling terms B, G;. K, C;, K Cy

By G, are all equal (o zero.
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Angular Relationships Between Modal Amplitude Vectrors

Veetor Dot Product

0“‘L¢3 = 0.0
&% _ 4
@0 - ousus

6,9 . T
1 78 = 0.0 B, = 3323

9 03281 Gy = 64330
¢, % . 4.0
% _ 454
0 - g1 G, = 50.12°

7 = -.05228
d?f{bs - 0.0 6,, - $0.37°
4
L 03 = .018290 9. = 85.25°
¢ '¢ 573
. , 6 = 0.0
b .
F g’ 07 = 0.0
Q b ¢8 = 03614 Gog = 84.38°
=
i '

¢ i

. . Tt o Coa
VY USRI SR IUTPSPIUIY IP RO IR, 15 -1 WESPV T TN, 3G P T




This modal vector orthoronality while ust a chance

occurance, shows the imporrance of proper lIocation of the

sensors and actuators on the model.  This svestem analysic to

locate the se¢nsors on the structure is a desipa tool which
should not be taken lightly. The judicious location of
sensors and actuators can reduce the system to a pair of :
uncoupled controllers requiring no system suppression; as a
result, no degradation in the system response from the optimal
gain values. By referring again to Table 7a, it is obvious
that the time response of the system before suppression is

superior to that after suppression.
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Tab

Svatem Elvenvalac Analeaiy - Two Controllers
Modal Asol onnment s
Controller #1 Controller #2 Residinal
1,4.6.7 2.5,9.8 9.10,11,12

Overall System Fioenvaliaes

Before Transformation Aiter Transfornation

-.05702 + 10.34654 - 09795%  +  10.70562

-.07011 + 13.96812 - 06983+ 13.96671

-.06244 + 10.94332 -.04954  + 10.93907

-.04388 + 8.99752 -.05750 + &.96044

-1.51751 + 5.506573 -1.61259 + 4.90962

-1.61639 + 5.41038 -1.22750 +  4.97987

-.27191 + 1.20414 -1.54666 + 5.50147

-.43310  + 1.09745 -1.58461 + 5.407173

-.83306 + 3.65462 -1.45632 + 5.53310

-1.22213 + 3.06310 -1.51763  + 4.45319

-1.42714  + 5.58897 - 54310+ 3.63429

-1.58679 + 5.40001 -1.06302 + 3.29105

: -.71819 + 1.27304 -.36782 +  1.13101
-.36226 4+ 1.51909 -.26965 + 1.18851

-1.06186 +  2.50015 -.43999 +  3.85085

-.73434 4+ 3.05232 -1.25745 4+ 3.65065

-1.43137 +  3.35652 -.62836 +  1.31448

-1.08042 +  3.88162 - 34492+ 1.51727

| -1.61259 + 4,90962 -.73034 + 3.04703

4.90964 -1.09035 .51427

L+
N

-1.61266

t+




Table Xu
Time Response - Two Controllers

Modal Assignments

'l Controller #1 Controller #2 Residiaal
1,4,6,7 2.35.8 9.10.11,12
Before Transformation After Transformation
Time Los-X Los-Y Time Los -7 Los-Y

.5 .003596 .001203 .5 .003741 L) VAPV

1.0 .003360 -.00028Y 1.0 RITRIEY L0670l

1.5 .001491 -.001148 1.5 L002Rzn - JU0DGET

2.0 .000163 -.00104% 2.0 -,00U%0 - Ullzh

2.5 -.0005y8 -.000703 2.5 -.00076% - 000740

3.0  -.00093Yy -.000256 3.0 -.00lzun -. 0035z

3.5 -.000707 . 000278 305 -.001 guz -, 001 54

4.0 -.000198 .000628 L.O  -.00051%& LOG0LES

4,5 .000143 .000625 4.5 L0004 S . 000808

5.0 .000216 . 000376 5.0 L0004 0L L0049

5.5 .000143 .000054 5.5 000732y L0001 44

6.0 . 000035 000200 £.0 L 000277 -.00068

6.5 -.000039 -.000304 £.5 -.00004c -. 00336

7.0 -.000050 -.000263 7.0 -.00021y -, J0G384L

7.5  -.000013 -.000136 7.5  -.,000093 -.200201

8.0 .000031 .000004 5.0 -.00001¢ -, 00002Y

8.5 . 000049y .000100 £.5 .060017 . 00008

9.0 .000030 . .000126 9.0 .G00CA L0UC167

9.5 -.000008 . 000095 9.5 00007 . 200150

10.0 -.000037 .0U00L40 10.0  -.000021 L GU0061

10.5 -.000G41 -.000010 10.95  -.000091 - oU0006

11.0 -.000026 -.000041 11.0  -.000042 - 5000kY

11.5  -.000002 -.000046 11.5  -.000036  -.200064

12.0 .000021 -.000032 12.0 -.000002 - . 000048

- 12.5 .000030 -.000011 12.5 .00G037 -.000013

13.0 .000021 .000005 13.0 .00003¢& . 000007

13.5 .000006 .0000173 13.5 .0CU020 . 000016

14,0  -.000007 .000016 14.0 . 00000, .u00019

i 4.5  -.000016 .000011 14.5  -.002013 .000012

15.0 -.000016 .000005 15,0  -.0000z4 . 000002

% 15.5 -.000008 . 000000 15.5  -.,00L0017 -.000002

b 16.0 .000002 -.000003 16.0  -.00000¢ -.000003

: 16.5 . 000006 -.000005 16.5 . 000004 -.000004

¥ 17.) . 000008 -.000005% 17.0 .00001U  -,U00003

: 17.9 . 000007 -.000003 17.5 .00G011 -.000001

T 18.7 . 00000z -.000001 18.0 . 000006 -.000001

18,5  -.0000073 .000000 186.5  -.000001 -.000001

! 19.) -.000004 . 000002 19,0  -.000004 .000000
’ 17.5  -.000703 000003 19.5  -.000004 .000001 )
' 275.)  -.000002 . 000002 20,0  -,00000L ,000001 ‘

52 /53 BLANK
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Conclusions

During this study it wus determined that system
response can be greatly reduced through the implementation of
an additional controller. As became evident in the suppres-
sion portion of the rescarch, the designer can greatly reduce
the computational requirements through the use of structural
symmet ry and sensor locations. By assigning modes to be con-
trollcd according to orthogonal grouping of their modal ampi-
tudes associated to cach sensor location, the system will be

inherently decoupled as earlier explained.

In all of the test cases run, the residual modes were
not adversely affected by any of the control or transforma-
tion techniques applied to the overall system. As a result,
including only the lower freqency modes as controlled modes,

has proved valid for the modeled system.

-——

The capability to control the system may be increased
throuyh additional sensors. but it must be noted that the
systen, will not be able to suppress more modes than sensors

as was noted in the transformation section.




2

The primary thrust of this investipation was toward
the evaluation of a system which implemented twodeent ralized
controllers.
advantages of applying this technique to the model chosen.
The importance of evaluating the entire modal analysis became
evident through the analysis of the modal amplitude vectors.
This single area has presented itself as a key to real world

application of decentralized controllers. The importance of

—

Recommendat ions

The results prescented indicate the mathematical

the location of the sensors and actuators that are used to

control the structuaral motion is an important design tool in

achieving desired svstem response.

The next logical step in the study of this control

problem would be the experimental cvaluation of the techniques

applied in this study to determine the feasibility of the

implementation of the system described. This would include

the evaluation and determination of computing capabilities

required to achieve the results which have been put forth in

this paper.
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w]

L3

ws

9s

£

¢9

1,370

[ _2.471E-C1
4,279E-02
1.451E-06

-1.963E-02
3,398E-02

-7.213E-02

-3.607E-02
4.347E-02
4,397E-02

-1.962E-02
5.296E-02

4.3972-0%

3.8u8
o -3
-8,783E-02
-5.07CE~02
-1,298E-01
2,095E-01
1,786E-01
-3,514FE-C1
2.866E-01
1.224E-01
1.139E-02
2,494E-01
1,868E-01

1,14CE-Q2
— -

8.940

r 9,307E-02
S.720E-02
1,72%E-02
1,076E-CL
6.213E-02

-4 ,983E-01

-1.679E-01

-2,198E-01

-1,11CE-02

~-2,743E-01

-3,SSLE-C2

-1.109E-02
C 2

Frequency and Mnde Stcezes
Nominal Case
wo = 1,467 w3y = 2.9€5
~ - -
3.999E-01 Fs.aesz-oz
2.399E-01 3,678E-02
_1.48GF-02 4.COOE-01
8.329E-02 1.3984E-51
4 .BCBE~07 1.14SE-01
92 = | 5,813E-02 23 = | 2.C10E-01
7.C9CE-02 1.548E-01
2.253E-02 6.3CUE-02
—4,721F~C2 9.782E-02
S.US1E-CZ 1.2€3E-01
4.536E-C2 1.0C0E-01
4.7 - . 78LE~
hu. 22E oﬂ | 9.784E-02
wg = 5,150 wy = 5,876
[ 1.353E-09) [-2.661E-03
1.218E=11 4 ,6C7E-CZ
3,502E=11 3.302E-0€
~2.041E-01 3.2374E-02
2.5358-01 —5.B4UE-02
o¢ = |-5.057E-CE| ¢y = | 3.231E-0¢
~2,041E-01 2.73%%E-02
-3.535E-01 -5.481E-02
1.086E-3b —4,313E-01
4,C82E-Cl 3.382E-02
6.802E-1C ~5.108E-02
5.065E-1G 4,908E-01
- et b —
wig = 10,303 wyp = 10,922
25 .3508-03 [ 6.370E-02
§.250E-03 3.678E-02
-1 .55SE~05 1.588E-02
-2.286E-C1 -2.401E-C1
2.960E-01 ~1.285E-01
910 = | 4.9€4E-0%| ¢y3 = |-2.60SE-OL
2,783E-01 -8.626E-02
4.554F-02 2.QLUE-01
—1.471E-N2 5,970E-02
-2.286E-01 2.984E-0L
-3.04OF-C2 -2.719E-01
| 1.472E-02 5.971E-03

wy

wi2

3.502

fz.vues-oz
-4 . 75BE-02
~2.249E-05
-1.72€E-Cl

2.3577E=02
-6.817E-05
-2.512E-01

3.43€E-02
-8.19CE-02
-1.718E-01

3 8QUE-0L

8,192E-02
- 4

5.£80

[.2.39LE-02)]
-1.721E-02
8.78UE-02
4,C71E-02

13,5686

3. 206E-02 ]
1.851E-C2
€.u38E-02

_4.026F-01

-2.204E-C1

-1.305E-01
3.204E-01

-1.587E-CL

-9.276E-C2
2.272E-07

3,.56BE-C1

_:9.2815-0§J




ST T T e T

wy

$1

ws

%5

wg

bg

n

1,342

.3 .44 4E-0T]
5.964E-01
2.330E-06

~3.,107E-02
5§.379E-02

-1,111T%.05

-5.079E-02
€.512E-02
6.380E-02

-3.161E-02
7.656E-02

-6,379E-02

3,398

[_1.36SE-01
-7.906E-02
3. 441E-CL
1.621E-C1
9.356E-~C2
-4 \9ESE-02
1.620E-01
7.309E-02
-7.571E-02
l1.444F-01
1.037E-01

-7.57GE=02
-

a—y

8.539
1 .4u55-01]
8.3U7E-C2Z
2.702E-01
2.125E-01
1.228E-01
-3,2€6E-01
-1.414E-C1
-3,096E-01
-1.504E-02
-3.389E-01
-3.228E-02

;l «5C2E-C ,2_]

Fregquerncy and M-od. AT e
Perturbed Cace

wp = 1,665 w3 = 2.891
[ s.u20E-01 Fh.uzlz-o?
3.13SE-01 -2.8LLE-02
-1.9805-01 3,788E-01
1.263E-01 3.1256-01
7.292E-02 1.205E-01
92 = | 9.756E-02 v3 =] £.51¢E-0C2
1.098E-01 2.727E-C1
4.162E-02 1.274E-01
~6.728E-02 1.371E-01
9.092E-02 2,4BEE-0L
7 428E=-02 1.72€E-01
-6.728E-02 1.372E-01

wg = L,205 wy = 4,662
[ -, 70€E-05)] [ 5. 571E-07]
2.487E-11 -2,BL7E-C2
6.966E~11 -2,2LEE-GS
-2,041E-C1 -3,4L5E-02
3.538E-01 3.96CE-02
¢5 = | 5.160E-06 ¢7 =|=2.905E=05
-2,041E-C1 -2.882E-02
-3.535E~C1 5 ELUE=02
1.003E-08 4,573E-01
L.062E-10 ~3,4L7E-02
7.861E~10 5.318E-02
Le.oeee-m_ =% «872E-C1 ]

wig = 9,251 wyp = 10.285
-5.777E-03] 1,594E-0T]
9.965E~03 9.205E-C2
-3.372E-C5 2,58CE-CL
-2.,242E-01 ~1.51FE-01
! 3.883E~01 -8.75£E-02
d10 =  4.517E-05| ¢p; =[-3.117E-01
I 2,846E-01 -1.619E~01
| 3.681E-02 3.311E-01
-1.184F-02 9.133E-04
-2.2411-01 2.057E-01
-2.1u7-01 -3,058E-01
1.1857°-02] | 9.153E-04

¢
Y

wy

u

we

w12

¢12

2.957

(5.726E-02
-3.915E-C2
-1 .LEEE-Ok
-1.760E-C1

2. 046E-01
—7.205E-05
-2,366E-C1

*.409E-02
-6.157E-02
-1.75CE-01

3,771E-01

9.1“9E-Q2

b, 7558

— —_
-7.584E-32
-4 ,380E-02
1.837E-01
4.701E-02
2.722E-C2
9,781E-021
Z.E71E-02
5,2U5E-G2
-4,B3EE-0L
4,885E-C2

1.S€5E-02

b €GRE-QL
o —

12,309

e.262E-07]
4.823E-02
1,587E-01
—4,059E-C2
~2.3L3F201
-1.6115-01
2.996E-01
~1.419E-02
-8, 20CE-C3
2.667E-C2
32,304E-01

-8,203E-Qﬂ




G ltrris

Al ory

Mgdc 1 J 4 A 5 ‘
L 0044 -0 044 =006 =007 H.n2% 0 0h7
2 0.069 -0.069 -0.01. . i127 oyl -0.017
3 ~0.046  -0.046  -0.271 .G/ .77 =0.271
4 0.248 -0.249 ~0.061 G.Y39 -0, 1589 3 06D ;
5 0.351 0.351 -0.049Y 0.154 0.1%6 =0 049 |
6 0.289 -0.289 0.2%89 -0.759 0.289 -0.789
7 0.049 -0.049 -0.369 -0.7320 .20 0.369
8 -0.069 -0.069 0.299 0.7305 0. 364 0.29Y9
9 0.231 n.231 -0.250G =022y -0 229 ). 750
10 0.317 -~0.317 -0.130 n.167 -0 167 <0150
11 0.220 0.220 -0.146 SN R N.Y4AS =0 7146
12 0.114 0.114 -0.0173 0.07% H.0248 ~0.9173
;
3
1
i'
b
E.
P
. hi)
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Main Program Listing
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1PQCSQ&~. T4:SIS 74/T%  CPT=: FIN 5414£00
i PROGTEM THZESIS
RE AL POD';(E,‘.E),X;(t ),INIT(‘ ’12),X3((+\)
REAL FSS8T(12922)y3IC(12y12) 97 E32(22512) 4t TZ(175122)36GAING( Ly )
REAL DU 92ATI(L 34 )y EAT S0yl ) 9gZ8T2(4. 457)
RTEAL FCT(424512) 97T (12y22) 972 ThyAd(L2)
REAL KT2(1253l)y03T(12522) 9L STRULZyL2),TRT(22y2¢c)
REAL FT(32,12) ,TL2(L2922),0T7(22512)yRr7T1(12422)
: REZAL A:(l?,lZ)’U(iz)yFHlb(lzgii’,:S(lzyia)
' REAL CAT(iC4.2)973G 02,12 9SeT(L2402) 9255 (2EyL2)yKIR(L2,4252)
RNEAL FAJMC(-. 90 ) ZyGAIN(LC,10) 33253 CL2y1c) 9AKC(22,2¢)
REAL KUS(2cd912) 9336012521 )900B(12942) 4yCT(L2y1c)
KEAL V(1Zy.2)9SaliGlrc)yin ('.2,.2)
REAL CTCZ(22912)yP03(12521c)yhilG(L2912)yKTi(1¢,:2)
REAL XT3(22932)ySTOR(2E522) 9TI9TIN(12482) 92D ,42C090(Lcyic)
REAL PST(12952) 971 (22952) 957 (229229 {1cCet i) yil(lcsil)
REAL F2(1241¢)yPHI(L2412)
INTEZSEP by (‘,N.,:\,IC(‘Z),I,L,N\‘Z,JSZ sLyF Y yKTI=y0cCy
INTEGRER I1912nyJy72yn290y T KPEy I5(L2),K Cry.r(J_)

coMpPLFY ”l(l )y7(' )
EAL KOl 12,12) 4% C(lZ,lc),WUV(n.-o )
COMSI /it 2y e /N1 ,f\r' ,T:i
COMMCH/ ¢ lF&/VEA,VDAl,quK
COMMON/MBINZ/TSTOR
”CHJOP'/‘NJf./){:! -
COMMCr/1IN0UT /T APE !
hO“M)'/f\Uﬁ/Au,Jb,IK)NC.,'\‘S,h:\.
CCMMON/SAVE/T (2 ) yTSasy)
N",Iu-d?
W0IMi=t3
HD A= ¢
NDAL=33
n..\
TaFrE=C
PRI N!' CCNTER f-C,‘JS,NFl,‘JuCT,I«t;1,73T5\> '
REQD',NC,NS,I(:,:’“«CT’NS‘:‘J, 7-1+
PRINTC 1 ¢
PRINT?, 7 SNTER THI *,4NBST, ! LLz4INTS FOR Z4CH SH1L!
HE N 415 4NR
Do S :r—a.,N
-.‘INT gy P T2 EHIA "I,'>'
REANSH ") (FHD (I430) yd=1,40:C)
; - CONT UL
! SRINT ¢ ¢
PRINT 0 10 THI TynNSGINg ! LZIMINTS
23 6 I=1,N
: PIINT 02N 8 FHIS ¢,1,>1¢
! REAN(?, ')(FHli(.L,J)’J—-‘,?\-_l)
& ONITNUH Al
D:) L T=1,yN
PRINT Yy ? ENTZk JOMZGA 51,7 !
READ (E4*)W(I)
O0(X)= =2*7:TAV(I)
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el i et s o b Aeke

INITIPL Suind oTIONS ArE <AL LN 3Y RIW
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PP S

PIOGRAM

ThHEST

19

21
293

—— ‘1_i:=======...l.l......-.l-!

FIN cel1+t2¢c

v,
-~
z
~
-,
4

o
0
-—‘
1}
[ 4

=1,2
REAN(Fy ™Y (MCDE(Ig))yJd=iyN)

1yt

) (T

RELD(E,?
CONT:N”E
DECs
PQTNT‘,'
READ 4 NEC
PIINT2y? DLCCQUFRLE = *,0:0
IF(N.EDC) THTH
PRLINTY, * FRTER NCyNSyNE >
QEAD"“JC,NS,?\F
CNPRTF
p\I"ll [}
RKEAD “ 4 (
PRINT>,
PRINTY,
sl
’

LIT (I,J),J-‘-iyh)

b

I1F 7IS 1S A DJECLUFLED JN ENTEZR 1 £t

[ %
m
[a 1]
4
-—f
m
A

* ENTEX THZ *4NCy? CULTRILLZID MODES >
iC(i ,I’ s NC)
' ’(LU(I)’I=19|\J)
PINTER THZ 'y NSy? SUPKReSSZD vuDES » !

READ- isd( ;),Izly’JS)

p(IN7‘ ’ F4(I3CI)4I=1,4LE)

IF (I‘F NC.) TH:“

PRINT*y # ENTam THZ TyNrky ! t2SI0J8. MICES
READ =3 (IS(1)31=1y0K) -

PRINT*, ¢ Py (LR(I) g Iz1MR)

ENLIC )

NC2=2%NC

N 2=274R '

NS2=.4S*¢

N2=2"-N
CALL FORMXTU(XT,1NMIT)

SFDICLER Y Lall FOMXI(XC, i I 1)
H=2'HC2+&SZ*NR:

IF(N Ce b1 I M= ™D 2+42F NI 24 R L
PRIINVT, ! ;h:;luh SONZZIIIONS!

CALL SRNT(XCyM,y1) .
FRINT? ! TD ERUNT ALL OF THg METRIS1cS 4Tk 2y ELSE W1 L, !
READ 4N
IF (N¢5041) THEN
PRINVT 2 THE 6 CUTRCL waifIX I5¢

CALL FOENMLULT,[y! ’91\\4,’(\:,,; )
Ca L Fnh?(&b,hf2,|c )
PRINTT o * V4L B SUNTHOLLEIL *ue I I35 ¢

CALL F F"d(t‘b,cHL, \u)f\\_.’.,f Co,.k.a)
CaLl FAnt(sC ’l 2 <y WACT)

PRI WI*4y " THZ C CONTRKOL.ZL MeiFIX 3¢

caLw FO:\*:(CC’PHIb’Nb, ‘.,(_,'\..- 11 )

CALL PANT(LCyr3:1HydC2)

PRIUT 47 TH: ¢ SUPRZISSZOD tRGe1X 37

caLL an\lk([b’t,'ﬁ;li\),n-_,15-)

CatLl FMT (0,082,182}
PRRINTH 4 ¢ THL = SIPRISSES rwinlX 15
CaLL FC’F:“:%(-‘:;,FL{*)N:"N :,ff[:-l,IS) -
V:LL t !(]('J(l.l,-, qHJT) ;

T . g e . -
ISR R { RE Lty T3¢ .

v
-

BN G AT e AT

y . . Wt Ll sl
LALL FOmi GO0 Cy FHISYNS L SC g0y 3) :
CELL PFANT(CCyl.52MyNS2) ¢

Cee e . — . ‘A - 63 . e - . .- L .- . .. -
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PRIINTY THE K

71677 CPT=.

PRINT? 47 THE & RESIDJUAL 4AIR.X [5¢
CALL FORMA(LCyCyHyNT yNT2,y IF)
CALL PrNT(LACyh<cylR2)
PRINT'y * THe © ZZ510Ua, M2T14.1X IS*
Call FORMBIECyFHTIJ iy NREy AT 91 )
CALL FRINT(3CyNi 25 4ACT)
RINT*,* THz C FISIDUAL T+ IX IS°
CALL FORIC(CC,FHIB ik yNKE ot SENgIR)
CALL PRNT(CCyMN3SZNZHR2)
N=1"
ENDIF
calLL
CatLL
caLL
calLL
calLL
calL
CONTI?”t
2Z2=" )
PRINT®, ¥ =NTER THZ DIAGINEL
RTAD Y ,AA
PRINTY, 44
PRIMNT 47 EnNTIR THS OBSERVEK
REAQD =4RF . .
PRIMNT? yE= !
D0 1%L I=1,tC2 '
DG 40 J=1,KkC2
IF(IENGJ) THEN
N8 (3T,D) =84
3 2(1,J)=3"7
ZLSE
9]\ (I,J)=
N33 74J)=
cMCIF
CoOnTZrUE (
comyitUL
I:C—-
TOLl=e "3 )
ChLL FOR”A(‘[,[.?,w,’QC’NCZ,I()
CBLL M a0y s CySAT 9y Oky LAT9+ESyTILyIEKR)
JF (73000 aH
PRINT2, 0 bz S2CATTT SOLUTLCL 27 a3 ¢
PRINT?, 7 Teb= f,1I:R
catL T”h!( Y9102 4NC2)
INCIF
Izp=.
TIL=," 1
CLLL T7F (alT, l( G2y 10241 490)
"1Z CTyCTCCy 2L yFuL iy
C4ALL “MUL(CC FCB,JS

z
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=
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-4
LW
~

Fﬂbts(&
TFR (B Ty

O - o
= e
) -2

N w = e
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w

s

-
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h,la’

- w T e
My 0y Y-

"\\\.f'tf\ - Y

—

M e 2 ZO
< =

()
UVyOew 0O 2
L - :)-vv [AN]

< lu %] (‘; [N

RY) 27 [y e
LA A

- s
-
-
C.
-1
()
(§)
-~

11

TERY

WLISHTINS

acse

8

S5y TIL,IZR)

WeNZ e bl 2yKI 1)

iF(Z274°0¢4 t“'N
CALL "MMUL(-T Ly RT Py FyNIEL G870
Cull PYUL(STO 4T La? .1S;”,fﬁb,KT2’
oLl MUl L s 24 3% _1'-,:‘,‘|’._" 1)
LNOT S
chaLL .TCF(KUJ,K Loy dlZhgNo gz l)

SAIN MLiERLX ’

FIN 2e1422
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91

92

17

L
oY)

[V od
k‘ 1)

S7

LRecty,

313 e Y& &S CPT=,

CALL FRANT(MC2,1C2,N3TN)

CaLL P"UL(KCB,(3,‘03,N§£N,LC£,K;3)
caLt FO’\?"C(CC,'—"*l3,“5,%52,?\517‘\,[3)
ce Ly V“UL(KCQ,CC,1C2,NS£H,hb:,K:S)
CalLL FORMT(CC, FHIS y P g N2y SN, I )
CaLL M.f"”JL(V(JF’CC,NCZ,NS:—.L’NhZ;(:2’
N0 87 Iz 4NC2

23 87 J=14nC2
AKC(I4J) = LC(Z,)) =
AMSNOEENT 24052+ 2
IF(D2CEDalIMH=2 NC242 NS 24N

00 91 Iz=i,ynk

D0 931 J=1,MM

MEUM (T, J)= , .

DY 92 I=24NC2

DD 82 J=i4%8Ce

HEIM (2, 1) =2 65 (5 4 0)

CcALL FOFha(FC,FHI,NC,hCZ,NlCT,I:)
CALL TFF(BT,BC,NCE,NACYylyi)

caLe HHUL(PT,CﬁT,WACT,N:Z,NCZ,GIIV)
DD ™7 T=1,NACT

D3 77 J=3igNC2

GRIN(T, D) ==-CrIbi(i,y,D)

C3(I,N

caty”
caLl
CLLL
oLl
caLL

MMUL (RC, CAINGNC24yNALT,1 C24333)
FOF*8(EC,y FHI g NSy NSZy Nul T4913)
MAUL (S0 GrT iy 32y KECTyhL 29253)
FOF18 (CLy FHI g1y N-2 s WAL, 0%)
MYUC LS 3G r T g hRZ9MATT 9l 02y 3%3)

L=+ iCe

N 93 I=1,4NCC

D0 93 J=1,%Cz
AJM(Iy (J+.C2) )=
30 3+ 1I=aybC2Z
D 9. J=41,rL2
HAIM ((T4NC2) g (J+102)) = AKL (L4 0}
D0 &% I=1,nCe

D3 9% J=:iynE2
H&JM((I+MCE),(J+L))H=KCS(I,J)

J0 35 Izians2 '

33 Q&4 JziynCe

.’!‘1.’"1((';.4]), J )=‘:SG(J_’J)
JQJH((L+I),(J*?Cf))=9$6(l,J)
CaLL FOrral AC,J,N,“‘S,NEE,IS)
DI 97 I=i,NE
00 3”7 =L ynt
MAEIMO(I+L)Y, (
M=L+NE2

CeLL FOF’“'ﬂ(I‘L,!:,N,NR,N’{Z,A')
noe - I=i.Nt2

D0 3 J=3,uF2

M6 JU((14v), (Jet)y =
J0 3L I=14Ki ¢

2 3. J-'-‘.,‘”.?

T Iev) )

303 (1, )

-~ O 1

+1))=AC(1, )

RC(1 4

BeG(ayd)

TESOT A )y (D4 T2)) =t )
AAIMCCIENG2) g (L 4)) = Konldyl)
IF(D:=Ceilel) THIN
65 = .
?
' £ e I o B 1)

S R o~ R

LA e,




L

4Lt

e

03

ok

s TalTh CPTES

DO 4% I=1,4NFRC

00 & J=i4hC2

MB UM (I +N),y (J+2C2)) =.40
NAJH((I*M),J) = ‘o
MAJM((J+NC2) 5 (Z+M)) = (.

CALL FOFPA(»C,F,H,hS,NSE,IS)

CALL FORYB(ECyFHIZJhSyNSZy WLTH13)
CALL TFR(3V 452 4ydS2yNACTy i sc)
IF(77¢ZQe.) CRALL MMUL (BT 9y BT gnSiyNAZTHyNE2,35BT)
IER="

TOL=.1""1

CALL MRISINE245C ST 3 NAyRIC gAES29T I 9132}
CALL TFRUACT 2 CyNSEyNS29242)

CALL FORMCUICCy FHISy NS yNT290STN,I3)
CALL TFF(C],CC,NSiN,NSZ,l’Z)

CALL MMUL(CTgCl 932y NSENYNLZ LTS
CALL MUll(nS24/CTyCTCC 2L EyrlEHA35yTIL,IR)
CALL TFR(AKCZ yECGgNS2yNS2yay )

M= 2¥NC2 )

DO 41 I=14NE2

) L1 J=i,NS¢2

MAOMO(M+]), (M+J)) = A3G2(1,J)
MAIM((M4AST+1) ¢ (MeNTS24U)) = ;¥32(L4 ))
CALL PYUL(LC 9PC3, {S=tigNS2 31 52 4KT 1)
CALL TFR(KDOE 4K T1, {SIkgh3S2y.y2)
KO3 I3 MOW TPE K GAIN MATRLY FCR SYSTZIM 2
M=44482 :

CLLL FORRC(CC,y FHISyHCyNZz 1.3 NyI )
CAll MIUL(KLSyCOyNTS2yhSIh WD yK32)

D0 L2 T=i4nS2

DO 4z J=1,iC2

MAEIM(C441),J) = KCC(I,J)

CALL PUL (3T 3n iy 45T shS 24052 ,GA1N2)
DO 73 I=iyhel

DO 73 J=i,ks¢

GAIN2(I4J)==GLIN2(1,yJ)
IF(Z74700 1) THLL

CLLL MYU_(T7 9Gilf.29Z9gNUCT 4l S248T2R)
CALL MMUC(3145TuisznylgNS2,40800)

COALL MHAUC (T2 )T uNgNACT 9Ty Sy AIN2ZY
INCIT

CALL FORPS(LCyCHIZ ROy NCZ gt mliyid)

CALL MMUL (S0 ,G5 02,002,840 7149:.829325)

M=NC 272

D3 L3 T=1,4002

00 3 J=145S52 -
MO UM (3, (M4 U)) = 23G6(1,yJ)

MA MT (4824 0)) = BCC(L4J)

CALL FORPB(EC,yHIyiiSyNSZ 9l £T14913)

CALL MMUL (EC yGAIN2,NS2yNALTynS29253)

27 . =1eNf e
0) &+ J=iynte
MAEUM ((M4]) g (5+25324J)) = 3S5G(24J)

42200240008

-~

SO s Tt gnk 2
SU e Y=oyl
HAIMO(M+T) , ) = 27G(I,J)

o L ey

FIN 2e14:2¢

© o s A SRRSO ‘




PROGRAM THISIS TL/74 CPT=3 FIN Sel4t2¢

MAJM((M+1), (J+1C2D)) 3G (2, )
&5 MAJUMCNCZ+I), (M+D)) K2x(Jyl)
CALL FORMB(ECy FHI gy NRyN 2 gt 0T 9iR
CALL MMUL(cCyGAINZ2,HKEyNALT 4232,
Nyl
K3

n

CatL Fr‘KMC(Cb’FH.\),NK He2 ghS e

CALL MMUL(K( g LTy iS2yNSINglib 2

00 45 I=i,nF2

DD &L J=1,4NS2

MAIMU(M+I )y (J422N032)) = 3kHG(L,yJ)

MAIHC(42) 9 (J+220802¢NS2)) = LnG(Ll,y )
3 A M (O NCTENSC+ )y (M+1)) = KCACJIy 1)

CALL FOuMALAC,)LyYyNRgNik2y IF)

DY L7 I=14NFC

0 L7 J=14NR2

(4 MB M ((M+1), (HM4J)) = AC(I, J)
ENDIF
IF(DZCaENeL) MM 24C242%NSC +NR2
. C \
| ¢ .
‘ c FOXMS £ 70 THE AT
c
C
IF (77.2061) THZN
PRINT2 , ¢ THE SUPARESSED LN;LYSIS {3 CAELZULATED?
INDIF
PLINTS, ! FOR THZ TIMT KeSFEBST AND CIGENVALU- ENLLYSLIS Jides U7
i PRINTA, ¢ FUAN ONLY THCO BLCGelVL_oJZ ANALYRIY N € >'.

KE AN, SKIP
IF (SKIP.ENe2) THIN
GOTO i
4 ENDIE
D= f 11
] ToL=.7"1
N3 Q3 I=zi,kMV
39 G Jzigrt A
j ZATL g )= oo -
{
t
i
1

IATL(I 1) =00
MIEK (T, J) = JM (I, d) 3T K
g€ CAT(T J)=WTFK (T, d) ~
ED]
LL=
1 it¢ CONTIMUE
! H 03 14 1=4,tM . A
‘ : DI 117 Jsi,¥M .‘
11 SAT2(T g N =EETL (D)) +W0i<t1,0) /0 :
4—'14.‘ u
LL=LLoM i :
D) 111 I=4,MM "
07 1i1 Jsiytm
IF(RIS(EaT2Cas ) =EQT1(3,J2)¢GTelDL) THEN
DY 1.3 Lzigh:
C 413 K=i,t'M
FETL (LyKI= £TE (LyX) i
! ; P AT U gK) = Wei KLy K) f
' B A U '”F:(_~c_p__.-«|,1.‘,",‘.’,'.,-i."‘Cr'(,;- 912 )
\ A GJITO 1ic
! hnI’

- = = =t e —e cmwm e -~ 5 . - B 67 . - LT eme v e . - T

e 4 pahthe B e e
A Ty

VIRt < e




PROGRAM THZISIS 74774 CPT=. FIN Se3¢52:C

11 CONT INUE

'
et = —

N AT 2
S 2RIMTS THIS ViLJ:z EVeZRY 2.

THIS ELGCSK DeTiMINIS THZ LS &

LFal

1
C
c

i c THE SCLUTICN TC E TO THZ AT LS I
c \
c
c

IF(DICetSe:. ) THEN
CALL FORMXC(XL 4iMNIT)
ti S¢€
Call FOREFMXI(XCH4IMIT)
ENDIF

iL CONTINUE

- ——— -+ d——

EIGIN VALUE whALYSIS SZZTiOh
caLL EIG:F(MHJV',H:‘,;O..,',"Z, ;l.,f\)[‘], wJQK,Y’.')

OO0 oO0ooOnNn

PRINTY,? CVIFALL SYSTeM clGeN VA_JES!
PRINT?, ¢ i1l = *,IER
DY K I=1,yM¥
&b PRINT>, 1,7(X) hy
PRINTy ¢ ¢ .
CALL EIGRF{LEG 4 iC2yNOIMy. yW1 3TNy NILYySTIRYILR)
PRIINT* 4! cIGzAViLUZ> 27 AL + 2251
I = ',IER

e At &R ot t—— e -

i 9: PRINT? raW1(1)
t PIINT*, 7 TIGZNVALUES OF 4C - KC3!
CALL LIGR F(uKu,Jq_,ADI' eV 3 TeNgNIIM,ST2RyI=R)
I'lf‘,' 188 = 8,1ER
DO S€ I=140C2
q2 PRINTY, ! f,d8 (1)
IF(DEC._J.‘) THIN
PIING, ¢ FIGTMNVALUES JF L+ EG
CALL CIGRF(LIGZTy 132y HDINMy . gHI gl
PLINT®, ! ok 1y 1Ia
DD 67 I=14NE2
€7 PIINT>, ', (1)
Itn=
PLINT® EIG-NVALUES JF w = K3 Sv37LM 2
Lo catL rLG'\F(nl(-._,i 2eNDIMy W23 TINg NI M Lyli®)
! , DRINTH, Ict=s 1,1k
. b3 6= I 14NE2
Lol €6 PRIUTY, fLHL(T)
INOIF o
sF(Z27.50.4)G0TC 2.
Call FOMVC(CCyFHI34MNSaMNS241.S3hy[ D)
! CRLL AFRIGST 300153y NSZ2y1,2)
S

Aot
1 /

- 1

L ——— P b ommece =} cmw b

- v T W T T

w.,
o

g Ny 1 J=1

|t ' 1 STy 20T

Se bl l:,\IJI’('J,;' e NEILEER s ::1“-,\3{3,"1,5]>\G,S‘L."\,:...l"\)

' | DRINT>, ¢ LoVPF fE= ¢, 1tk
Oz NSEN =8




s, T TTTE T Y

!
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| PROGRE~ THI

11

71

71

72

i3 TLl/T

CGPT=.

IF (F.LT.1) THEN

00 1 1 1=3,hSEN

TR (I,4)=V(I,hSIN)

P=1

2L S<

00 13¢ I=4i,NSEN

03 19¢ Jz1,F

TRUAI, =V (1, (J+HT))

©NDIF

PILINTYy ?  TFRENSFIMATION MLTRIX!
CALL FPN](.F,PV_u y P)
CALL MMUL (381,172,452, NSC
PRINT*y?  CST* TR
CALL FRNT (ZSTRyNS2,2)
PLINT*,® iHc SIMGULAR VALUES
CALL FENT (SING 4NS,1)

ENyFy CSTR)

CALL TIFr(i T"*,«-)L‘.i,p’l’z)

CaLL PWUL(!F!,TR, s liSENy F 4t d)

CALL CGYINV(F 37 4RT, *li,J,TLF;)

CALL FNRIC(CCyFHI SyNCy io2 4L ihyI3)

/) |~l

catL 1F+(c‘,c.,.u:w,ncz,;,:)

CALL MHUL (TKTyCCy29SENYNCI, TCD)
CALL “MUL (CT TF,‘,Z,Na_J, sCT)
CALL MMUL(S T3 FTL91i329F 92 ‘ikn)
calL *”UL(SJO‘,TCL, NC2yF yhCiylls)
27=4 :
IF(DIC.cNe1) THIN

CALL FRHEMI(LOgFHI gNCyNCEy hili9i3)
N3 7 1=i,4L

Dy 7 =1 yNACT

VI, ) = 300(1+10),J)

catLL L;V:JF(V,""‘1.4..\'.,"'":,-'1'5"\,Tin,hjl"."’.’
PRIMT, LSVDS Fol SONRLL SRIL. OviaEnR 1
2= NACT = C

IF(Eelial) TH:EY

D) 71 I=1y~ACT

T;(I,i) = VL LACT)

z=1

LSz

V) 72 I=iy L7

DI T2 J=z,:

TL(Isd) = VI(iy (J+IC))
tNDIF

PINTH, *
PIINTE, ¢ ¢
CALL FRNT (73 4M2CT,2)
PRINT*,¢ ¢

SYSTZ4 2 THENSLFCORARTLIN ¥ATRIX!

PRINT", ¢ (KE SINGULAK VALUES 37 21°
CALL FONTA(SINGyNT,,1)
CALL T (TT 971,048 3T5541,2)
CALL V-“U-(TT’.I';’;-"\ACT,;,F)
CRLL GMIMVI(L 9T g4RyR1yJyTAFE)
SELL FPas& (S0, E4T, 103, NE2,1/07,13)
GELL * Ul (0T 2y 3y 50y 200)
sALL S SR N yi-,l_»..,:,;, < )
CLLL UL (DLs ;,TT,NSZ,‘.‘,Vi(W,EST)
s P NS2yNLT T giy )

CALL TFR(STCHK

o eSO

FIN Set1+:2¢ 1




e Res o T e

. PROGRAM THISIS "4/7%  GPT=g FiN 541+452¢
H
g ! CALL MMUL (BST,STOR,NS2yNACT,hS2,333T)
* ) INOIF
\ GOTO 1
2 CONT I MUE
: PRINT?, ¢  THE CHICK FOAR LiINcAR 3J430NATIONS O COWTROL?
L= NS +1
D) 2t I=1,MC
: 4z IC (D)
) CALL FORMCI(CC, FHIS  NS,NSZ,hSiligl3)
D) 3 1 K=1,tS
_ DO 3 1 cz=ietSEN
i 3:1 V(E,X) = CC(Z,K)
0o 2 2 J=19LSib
2 V(JyL) = FAIS( D)
CALL LSVOF(VyNTI yNScNybLy TehyNoiMyolySING,y TiCRy12K)
: PRINTY, *  THY SONIACL “0DLS USZID IN THE CHLCK!
P{IN_',(IS(K),V—;,h‘S)y
P'.(INT',' SINGULAR valuz t‘l
3Lt CALL FRNT(ETING,L,1)
; : IF (3ECeiNe1) THIH
; L = fC +1
: DI 3 3 I=1,1rS
: M= IS (I)
! CALL FOFFB(ECy FHI NGy NCZy NACT 1 3)
} DD 3 & K=14tC
: DO 3 L E=1,4MACT
1 3L V(Ky3) = BC((K4C),Z)
30 3 F J=1,0LACS
1.t VI Ly 1) = FH1 (%))
: CALL LSVIF(VyNETV L yliBCT 3 TihyMCIMy =1y SIN3,CT0P4.2%)
i PRINT*,f  THE CONTROUL YGODES USID [4 IHI ZHECK!
g PEINTL, (IC(K) yKz2yNi) oM
~ ' OJINT? o ¢ THI SINGULAt VALJ_S?
i 3.2 CELL FINGT(SING 9Ly d)
! NNy F
< PRINT , ¢ T0 CHANGT TH: WiIGHTIING MATH{X INTE®
] ! PIINT, ¢ 50 RIAZKARGE HOLeb FIR v = 4N,y ' OR
: | PRINT: ¢ DeCCURLeD RUN LT R 2 7
; PRINT o & TO TErMINATE THe UG tNTZR 3 > ¢
{ ‘ RTAN 41
p PLINT2 4N
\ ; IF (1eTNed) THIN
' GOTO 12
{ LLSFIF (FeiNel) THYEN
{ ' GOTO 206
3 “NOIF . -
- , ND é
[ NAP==(L(=4)
HREC3ee (2o mmmaD (OZT[{bmrmmmmeTY locmcacnan 3022 N AN
1213 RILL ACT
AE! WAL 144 LwC
rrazo SN iy e
‘ IphL R RZAL Led 8R
“31813 REA. 149 PC
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'4r/7«  CPT=, ' FIN Se1+52€

SUSKIUTING TIFL(:iTZ,HH,JT,X;,XJ,ﬂJJE,EAf,WOFK,DfC
COMMOM/MLINLA/NLA,4DAYL
COMMOM/SEV=/T (20 ) 4TS (L] L)
COHﬁJP/hUH/IC(l’),IS(iz),Ir(lE),V:,VS’N?
REAL XO(hD&),EbTE(h’A’Nﬁu),E:T(VU:,405),0T,MCD§(2,12)
REAL WOFXKAINCA P OA) g4, 7 4X2 (N3Y)

INTEGER MmM,[CEl,2”

N=1

KK =¢

A=?

CONT I UIE

M=

CONTINMUIE

KK=1

CALL V“ULFF(EATZ)XU’MH"‘\‘ ,1"1-»,"4,(1,‘»' ’IE:‘)
DD L12 I=14MN

X0(I) = X1(1)

M=M+1

IF ((M*CT)eECe. +3) THEN

A = A+ [ .5

DD 2.2 K=4,2

Alb= G4

IF(DSCEQ,.) THEY

DO 27t I=1,NC -
J=IC (D) !

ALz YA+ MODE(K,J) *Xi(})
D2 2 Y I=z1,MNS
2IS (1)
AL= ab+ VODE(K4J) =X1(TenNC-4)
02 2 € I=1,Mk

J=IR(Y)

RE= LA+ MOUF(Kyd) “X3(I4NC 4+1SH2)
L sz

Ny 2i¢ 1=1,4C

J=1C (1)

Al = AL+ MCLI(KyJ) + X1(3)
00 2.2 I=1,NS

J=IS(D) .

A0 = AL 4 MODE(K,J) > X1(1 + NC*w)

H=N+ L
COMIMNYE

IF(AeCGrec 6+) GOTO 21°
GCT0 2 3

el St

5070 21 -
INDIT
CONTINUE
£ ¢
L=2% (2 70)
PR INTY

PIINT3, ¢ ?
FORWJT(EYQF‘0190x1r1305ijsF15a5)
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SUERNUTINE FORMA(AyDyHyNyNZy10)
COMMON/ZMI ANa /M

REAL ACRLIrngtIM)yW(L2)Yy0(2c)
INTCGEZ TCU(NMN)yI9dyhy M

D0 1 I=4,H2

DO 1 J=2i4NT

A(Iy )= .

CONTIMIE

0o 2 Izigf

¥z IC(I)

AC(I+), (I+)) = D)

A(I, (1+1)) 1

AC(TI+M) 41) = = (H(M)*>2)
CONT[tUE

ReETUH

IND

1]

R/
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JBROUTINE FORMC

o]
-

TL/TY OPT=13 FTN

SURPAUTINT FURNT (G yPHISy Ny lyhSINGIZ)
COMMCON/ME L0 /00T -

REAL CINDI-ynLI4)yPHISINTINy.01 )
INTESES SCCE) g g li3ZNgNgN2 a9 dyi?

J0 1 I=Z,N3EN

N3 1 J=1,N2

C(Ty N=uy

CONT ML

03 2 I=igNSEIN

ZNC

FIN 34143528

=Y

TLs74 C(PT=. AN

SUERSUTINE FORM3(3,PHI g0y shoTy 3D
COMMIMI/E wiN1/N L

STAL FURDIN g n DMy g PHI(E JI g LI)
INTEGER IC(F),EQCT,Q,H,l,J):F

N 1 I=1,4k2

IO 1 J=1g Nl T

R(Ie )) = 41

SONTIpje

DI 2 I=1,N

0 2 J=1,nely

i= I13(7)
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CONT "PYe
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SURRQUT It E FOR X3 (X0, INIT)

COMMAL/NUMZIC(12) 9IS (22) ) IF(22) 3 N2y ISyNR

REAL XO(- . ) 3iN3T (ryl2)
INTERER *+

00 1 I=zt1,Ns

M= IC(D)

X0 (I) = iNIT(1,M)

X0 (I+hC) = InIT(2,M)

XD C(I+2°N2) = LhIT(3,m)
XO(I+Z°NC) = INIT (ayM)

D0 2 Tzi,yNS

M= IS (D)

XO (I +L7N2) = 1MIT(4,M)

XD (I 4L ES40S) = TAIT(2,%)
XD AT+ NO423NS) = ZaIT(I,4M)
XD (I #2432 M5) = INIT(ayh)
NY 2 Izi,NR

M= IR (1) ,
XD (I 4L ob3422NS) = INIT(La™)
XO (140251 #NSPLaN) = INIT (Z40)
NN

"on

" o=

PP

SUCRAUTINE FOREXU(XT,INIT)
COMMIM/ZRUM/ZIC(22) 915(22) 93" (22)9N3gNSyNR
BEAL X5 (i- ) gINiT (agll) -

INTEGE® »

N3 1 I=1,N3

M= I3(I)

X0(T) = 1NIT(Z

XJI(I+h2) = IKRIT(24M)
Xo(I+1Cr2) INIT (M)

X0 (I +hC* D) LHIT 9 M)

L3, 2 T=24nE

4= IS(D

XO (I +h29 ) =IHIT (LM

XO (L4107~ 4MC) =IdIT(24%)

70 3 Iz=ig Nt

M= IV (I

XG(L+P3r - +5S-¢) SINIT(1,4)
XO (T4t T e 4nl424P) = IRIT (2y )
AR

[WY

SURSAUTIIE FENT{MAT gy NgM)
COMMN /LN /NI I

EAL PIT(NIMy 0T 4)
INTZGIS Nyl )

SLINTY, 0 0

Dl ¢ I:-l,'

PRI"T V(> CFZ2e4) Py (MAT (3,3 0)9 )14 M)
CIMTItU:E

PRINTI(/I/) !
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